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Phototropism of Arabidopsis thaliana seedlings in response to a blue light source is initiated by nonphototropic hypocotyl 1 (NPH1), a light-activated serinethreonine protein kinase. Mutations in three loci [NPH2, root phototropism 2 (RPT2), and NPH3] disrupt early signaling occurring downstream of the NPH1 photoreceptor. The NPH3 gene, now cloned, encodes a NPH1-interacting protein. NPH3 is a member of a large protein family, apparently specific to higher plants, and may function as an adapter or scaffold protein to bring together the enzymatic components of a NPH1-activated phosphorelay.
Plants are able to sense and respond to changes in light quality, quantity, and direction through the action of a number of photoreceptors and associated signal-response systems. A variety of photoreceptor molecules, such as the red or far-red light-absorbing phytochromes (phy) and blue light-absorbing cryptochromes (cry) (1, 2) have been characterized. Components functioning downstream of such photoreceptors include two photoreceptor-interacting proteins PIF3 and PKS1, which are both phytochromeinteracting proteins (3) . Potential postperception signaling components identified through mutational analyses (1, 2) include a set of genes in Arabidopsis (NPH2, RPT2, and NPH3) that is required for phototropism, or the bending response of plant organs toward or away from directional light stimuli (4, 5) . Null mutations in the NPH3 locus abolish phototropic responses of etiolated seedlings to blue light at a low fluence rate (4) (Fig. 1A) . A similar aphototropic phenotype is observed with seedlings carrying null mutations at the NPH1 locus (4) (Fig. 1A) , which encodes NPH1, a primary photoreceptor for phototropism (6) (7) (8) . However, mutations in neither NPH1 nor NPH3 affect other light-dependent responses, such as blue light-and red lightdependent hypocotyl growth inhibition (Fig. 1,   B and C). Moreover, despite efforts to identify additional alterations in development, the only clear phenotypic changes observed in nph1 and nph3 mutants are those associated with phototropism (9) . The phototropism-specific phenotypes of the nph1 and nph3 mutants imply that NPH1 and NPH3 act in the same genetic pathway and suggest that NPH3 may function biochemically close to the photoperception event mediated by NPH1.
We have cloned the NPH3 gene by positional cloning ( Fig. 2A) . Several predicted genes mapping to the region containing the NPH3 locus ( Fig. 2A) were sequenced in mutant backgrounds to identify the NPH3 gene (Fig. 2B) . A full-length NPH3 cDNA was isolated (10) and found to encode a protein of 745 amino acids (11) (Fig. 2C) . NPH3 is, however, part of a family of proteins in Arabidopsis (12). Although NPH3-related sequences have also been found in other plant species, no paralogous sequences have been found outside the plant kingdom (9) .
Four regions of sequence conservation have been identified within the NPH3 family (12) (Fig. 2C) . Region IV exhibits the highest level of sequence identity within the family (Ն52.5%, relative to NPH3), with two motifs being most prominent: LYRAID and HAAQNERLPL (13) (Fig. 2C) . The functional importance of these conserved sequence motifs is currently unknown. However, Tyr 545 within the LYRAID motif is part of a consensus phosphorylation site ( 
where x(2,3) can be any two or three amino acids) (14) , in which the Arg, Asp, and Tyr are invariant across the entire NPH3 family (12), and deletion of this residue in the nph3-2 mu- tant (Fig. 2B ) results in a complete loss of phototropic responsiveness (4) (Fig. 1A) . NPH3 also contains multiple potential Ser or Thr phosphorylation sites (9) , raising the possibility that reversible phosphorylation may be important for its function.
Primary sequence and secondary structure analyses have also identified two potential protein-protein interaction domains in NPH3. First, a BTB (broad complex, tramtrack, and bric à brac)/POZ (pox virus and zinc finger) domain (15, 16) was found within the NH 2 -terminal portion of NPH3 (Fig. 2C) , as well as within two additional NPH3 family members (12). Second, a coiled coil (15, 17) was identified in the COOH-terminus of NPH3 (Fig. 2C) , and although sequence divergent, it was also found in a conserved position in eight additional members of the family (12). BTB/POZ domains and coiled coils have been found in a large number of proteins with quite disparate functions, and both are capable of mediating self-dimerization and self-multimerization or hetero-dimerization and hetero-multimerization with unrelated domains (16, 17) .
Although NPH3 is largely hydrophilic and ␣ helical in nature (18) and thus anticipated to be soluble, cell fractionation studies indicate that NPH3 is plasmalemma associated (Fig.  3A) . Whereas the membrane localization does not change in response to in vivo irradiation, the mobility of NPH3 in SDS-polyacrylamide gel electrophoresis (SDS-PAGE) is enhanced in membrane fractions from seedlings that were irradiated with blue, but not red, light (Fig. 3B) . (28) and restriction fragment length polymorphism marker g2368 (29) . Sequence of phagemid P1 clone, MSJ1 (AB008268), was used to generate two new SSLP markers, AM40 and AM80 (30) , which were used to narrow the potential NPH3 coding region to three predicted genes: msj1.9, msj1.10, and msj1.11 (31) . msj1.10 was identified as NPH3 by sequencing multiple nph3 mutant alleles (24) . T3J14 is a BAC clone (22) (21, 33) . nph3-1 microsomal membranes represent a negative control for NPH3 antibody specificity, because any NPH3 protein in this mutant lacks the COOH-terminus (see Fig. 2B ), which was used as antigen to generate the antisera (33) . Molecular masses (in kilodaltons) are indicated at the left. Arrow and asterisk indicate the position of the NPH3 and NPH1 proteins, respectively. (B) In vivo modification of NPH3. Three-day-old seedlings that were grown in the dark were mock irradiated (D), or exposed to 10 3.5 mol m -2 of red (R) or blue (B) light (25) , before the preparation of cell fractions (32) . Fifty micrograms of soluble protein (B-Sol lane) or 15 g of microsomal membrane protein (all other lanes) were resolved with SDS-PAGE and blotted to PVDF membrane; and NPH3 protein was visualized by immunodetection (23) . Molecular masses (in kilodaltons) are indicated at the left. Arrow and asterisks (double asterisk indicates a change specific to the nph1-5 genotype) indicate the positions of the "unmodified" and "modified" NPH3, respectively, relative to NPH3 from seedlings that were grown in the dark. Although increased mobility of NPH3 in membranes of blue light-treated wild-type seedlings appears to result from dephosphorylation, limited proteolysis may also contribute to mobility changes observed in nph1-5 membranes (9).
A similar enhanced mobility of NPH3 was observed in membranes from nph1-5 mutant seedlings (Fig. 3B ) that were grown in the dark and lack NPH1 (6, 7) . One interpretation of these observations is that NPH3 normally interacts with NPH1 in seedlings that were grown in the dark, either directly or indirectly through a protein complex, preventing its modification by other factors, whereas blue light-induced changes in NPH1, such as autophosphorylation (7), or simple removal of NPH1, expose sites on NPH3 for modification.
Given the apparent genetic coupling of their protein activities (4) (Fig. 1) , colocalization to the plasmalemma (6, 7) (Fig. 3A) , and potential interaction suggested by in vivo irradiation studies (Fig. 3B) , we used a yeast two-hybrid assay (19) to directly test whether NPH1 and NPH3 physically interact. Although all combinations of NPH1 and NPH3 fragments shown in Fig. 4A were tested, significant interactions were only observed between coiled-coil-containing NPH3 polypeptide fragments and the NH 2 -terminal two-thirds of NPH1 (Fig. 4B) , which contains the chromophore-binding LOV (light, oxygen, or voltage) domains (6, 7) . Two hybrid results were confirmed by in vitro interaction studies, in which we assayed the ability of a radiolabeled NH 2 -terminal NPH1 fragment to be immunoprecipitated by antibodies against a cellulose binding domain (CBD), in the absence or presence of nonlabeled CBD-NPH3 fusion proteins (Fig. 4C) . Although CBD antibodies were incapable of precipitating NPH1 itself, a NPH1-containing immunoprecipitate was obtained when coiled-coil-containing NPH3-CBD fusion protein (NPH3C2-CBD) was included in the precipitation reaction (Fig.  4C) . The NPH3C2-CBD-dependent immunoprecipitation of NPH1 was not the result of nonspecific interaction with CBD, as a BTB/ POZ-containing NPH3-CBD fusion protein did not promote a similar immunoprecipitation response (Fig. 4C) . The flavin mononucleotide (FMN)-dependent interaction of NPH1 and NPH3 (Fig. 4C) likely reflects a conformational stabilization of the NPH1 holoprotein in relation to the apoprotein alone, a feature common to many cofactor-containing proteins, including flavin-binding proteins (20) .
Together, all of the results presented here indicate that NPH3 interacts with the chromophore-binding portion of NPH1, probably through its coiled-coil region, and that this protein complex is necessary for early phototropic signaling. The biochemical function of NPH3, however, remains unknown. In animal and fungal systems, multimolecular signaling complexes using protein kinases and phosphatases are often assembled around a class of proteins known as adapter or scaffold proteins, which contain multiple protein-protein interaction domains (21) . NPH3 contains at least two proteinprotein interaction domains, one of which promotes interaction with NPH1, and early phototropic signaling probably occurs through a NPH1-activated phosphorelay (2, 4) . Thus, NPH3 may function as an adapter or scaffold protein in plants. Given their homologies to NPH3, other members of the NPH3 family may also function as adapter or scaffold proteins. Protein complexes assembled by the NPH3 family could provide a means of optimizing speed, specificity, and selectivity of early signaling events associated with a variety of physiological responses, while minimizing undesired cross talk with other response pathways. The identification of such a class of proteins could have broad implications for studies of plant signal transduction. Yeast two-hybrid assay of NPH1-NPH3 interaction. All combinations of NPH1 and NPH3 polypeptides shown in (A) were initially tested for ␤-galactosidase (␤-Gal) activity by colony filter-lift assay (34); however, only NPH1LOV-NPH3C1, NPH1LOV-NPH3C2, and NPH1LOV-NPH3N combinations gave a positive reaction (9) . Hence, quantitative solution assays of ␤-Gal activity (34) are presented (right) only for those cotransformants. GBD-NPH1 and GAD-NPH3 constructs (34) are shown at the left. The GBD-NPH1LOV/GAD cotransformant is shown as a negative control. All yeast growth occurred in darkness. One unit of ␤-Gal activity is defined as the amount of enzyme that converts 1 nmol of o-nitropheynl-␤-D-galactopyranoside to o-nitrophenol in 1 min at 30°C (pH 7.0); 1 nmol/ml of o-nitrophenol has an optical density at 420 nm of 4.5 ϫ 10 -3 (35) . Protein contents of assay solutions were determined with the Bio-Rad microassay. Significant interactions (0.1 Ͼ *P Ͼ 0.05, Students t test) and number of replicate cotransformants assayed are indicated; error bars indicate SD. (C) In vitro assay of NPH1-NPH3 interaction. CBD-NPH3C2 and CBD-NPH3N fusion proteins were generated as described (33) . Sulfur-35-labeled NPH1LOV was generated by in vitro transcription and translation with the pT7Blue-2Ek/LIC system (Novagen). An equal volume (15 l) of 35 S-labeled NPH1LOV from the same in vitro translation (60 l total volume) was used in all immunoprecipitation reactions. Where indicated with a plus, 2 g of NPH3C2-CBD protein, 2 g of NPH3N-CBD protein, or 1 M (final concentration) FMN were added to reactions before the addition of antibody. Polyclonal antibodies against CBD (Novagen) were added to each reaction, immunoprecipitates were resolved with SDS-PAGE, and gels were dried and exposed to x-ray film. All steps up to SDS-PAGE were done in dim red light (4) The ages of individual X-Y gene pairs (measured by nucleotide divergence) and the locations of their X members on the X chromosome were found to be highly correlated. Age decreased in stepwise fashion from the distal long arm to the distal short arm in at least four "evolutionary strata." Human sex chromosome evolution was probably punctuated by at least four events, each suppressing X-Y recombination in one stratum, without disturbing gene order on the X chromosome. The first event, which marked the beginnings of X-Y differentiation, occurred about 240 to 320 million years ago, shortly after divergence of the mammalian and avian lineages.
The human X and Y chromosomes, like those of other animals, are thought to have evolved from an ordinary pair of autosomes (1). The pseudoautosomal regions at the termini of the X and Y chromosomes still recombine during male meiosis, ensuring X-Y nucleotide sequence identity there. Elsewhere on the X and Y chromosomes, however, X-Y recombination has been suppressed. These nonrecombining regions of the X and Y chromosomes have become highly differentiated during evolution, and only a few X-Y sequence similarities persist within them. These modern X-Y gene pairs are the remaining "fossils" where extensive sequence identity between ancestral X and Y chromosomes once existed. The recent discovery of many X-Y genes has made it possible to examine the entire group to search for patterns of human sex chromosome evolution. Thus far, the human sex chromosomes-the best characterized mammalian sex chromosomes-have been found to contain 19 X-Y gene pairs (2) . We first compared the locations of all 19 pairs of genes on the human X and Y chromosomes (Fig. 1) . We determined the relative positions of the X-linked genes through radiation hybrid analysis, in many cases confirming previously published localizations (3). Map positions of the Y-linked homologs were obtained principally from the literature (4-6). On the X chromosome, most of the X-Y genes map to the short arm, where they are concentrated toward the distal end. By contrast, the X-Y genes are found as singletons or small clusters throughout the euchromatic portion of the Y chromosome. In general, the map order of the X-linked genes corresponds poorly to that of the Y-linked homologs. Local exceptions to this rule are provided by three small gene clusters that are present on both X and Y chromosomes (Fig. 1) .
We next measured, for each of the 19 X-Y gene pairs, synonymous nucleotide divergence between the X-linked and Y-linked coding regions (7). Because synonymous substitutions do not alter the encoded protein, they are generally assumed to be nearly neutral with respect to selection. The statistic K S (the estimated mean number of synonymous substitutions per synonymous site) is often used to gauge evolutionary time (8) . In the present context, K S values provide a measure of the evolutionary time that has elapsed since the gene pairs started differentiating into distinct X and Y forms. The calculated K S values are given in Table 1 , where gene pairs are listed according to map order on the X chromosome.
We noted that the 19 K S values appeared to cluster into approximately four groups (Fig. 2) : 0.94 to 1.25 (group 1), 0.52 to 0.58 (group 2), 0.23 to 0.36 (group 3), and 0.05 to 0.12 (group 4). Each X-Y gene pair's K S value differed significantly from those of all gene pairs in other groups (P Յ 0.02). The most striking observation was that, on the X chromosome, the four K S -defined groups of genes are arranged in an orderly sequence (Fig. 2) . X-Y genes are stratified by age along the length of the X chromosome. By contrast, on the Y chromosome, the K S -defined groups appear to be scrambled (compare Table 1 and Fig. 1) .
What might account for the orderly stratification of X-Y genes by age on the human X chromosome? We hypothesize that, during evo- 
